Recent evidence suggests that signaling by the proinflammatory cytokine interleukin-1␤ (IL-1␤) is dependent on reactive oxygen species derived from NADPH oxidase. Redox signaling in response to IL-1␤ is known to require endocytosis of its cognate receptor (IL-1R1) following ligand binding and the formation of redox-active signaling endosomes that contain Nox2 (also called redoxosomes). The consequent generation of reactive oxygen species by redoxosomes is responsible for the downstream recruitment of IL-1R1 effectors (IRAK, TRAF6, and IB kinase kinases) and ultimately for activation of the transcription factor NFB. Despite this knowledge of the signaling events that occur downstream of redoxosome formation, an understanding of the mechanisms that coordinate the genesis of redoxosomes following IL-1␤ stimulation has been lacking. Here, we demonstrate that lipid rafts play an important role in this process. We show that Nox2 and IL-1R1 localize to plasma membrane lipid rafts in the unstimulated state and that IL-1␤ signals caveolin-1-dependent endocytosis of both proteins into the redoxosome. We also show that inhibiting lipid raft-mediated endocytosis prevents NFB activation. Finally, we demonstrate that Vav1, a Rac1 guanine exchange factor and activator of Nox2, is recruited to lipid rafts following IL-1␤ stimulation and that it is required for NFB activation. Our results fill in an important mechanistic gap in the understanding of early IL-1R1 and Nox2 signaling events that control NFB activation, a redox-dependent process important in inflammation.
IL-1␤
2 is a potent proinflammatory cytokine that controls inflammation in response to a diverse collection of health problems, including ischemia/reperfusion injury, viral infection, bacterial infection, autoimmune diseases such as diabetes, allergies, trauma, and chemical exposure (1) (2) (3) (4) (5) (6) (7) (8) . A primary role for signaling by IL-1␤ in these inflammatory responses is the activation of NFB, a transcription factor that regulates a large number of immune molecules, apoptotic factors, anti-apoptotic factors, and other transcription factors (9) . The importance of IL-1␤ and NFB in inflammation was highlighted by a clinical study on mortality in septic patients (10) . A spectrum of cytokines and transcription factors was examined in this study, and two were identified as significant prognostic indictors of patient outcome. One prognostic indicator was NFB activity, with this transcription factor twice as active in non-survivors relative to survivors. The second prognostic indicator kinase was the ratio between IL-1␤ and its competitive antagonist IL-1ra, with survivors having a 50% higher IL-1ra/ IL-1␤ ratio than non-survivors.
Because of the clinical importance of IL-1␤, elucidating the signaling events involved in IL-1␤-mediated NFB activation is of great significance. Among the early events that control IL-1␤ signaling is the induction of IL-1R1 dimerization following ligand binding (11, 12) . This event initiates binding of MyD88 to the TIR (Toll/IL-1R1) domains within the cytoplasmic tail of IL-1R1 (13) . Subsequently, multiple receptor/ligand pairs are endocytosed into a specialized signaling endosome (redoxosome) that contains the transmembrane protein Nox2 (NADPH oxidase 2) (14, 15) . The recruitment of Nox2 into the redoxosome and the subsequent production of superoxide require Rac1, a co-activator of Nox2 (14, 15) . Superoxide produced by Nox2 has been proposed either to dismutate spontaneously, which enables it to cross the endosomal membrane (16) , or to be transported to the outside of the endosome via anion channels (17) , where it rapidly dismutates into hydrogen peroxide. The generation of hydrogen peroxide by redoxosomes is required for the downstream recruitment of the IL-1R1 effectors TRAF6, IRAK1, and other mitogen-activated protein kinases that lead to the phosphorylation of IB kinase (14, 15) . IB kinase activation triggers in turn the release of NFB from IB, allowing NFB to move into the nucleus to activate downstream target genes transcriptionally.
Members of the Nox family of proteins have been associated with a number of signaling pathways, including those stimulated by IL-1␤, tumor necrosis factor-␣, angiotensin II, insulin, and platelet-derived growth factor (14, 18 -20) . Both Nox1 and Nox2 have been localized to lipid rafts (21) (22) (23) , which are specialized membrane domains that are enriched in cholesterol and glycosphingolipids (24) . Lipid rafts are ϳ50 -150 nm in size and have been assigned an important role in signaling by many different pathways. Taken together, the association of lipid rafts with Nox2, the role of lipid rafts as signaling platforms, and the involvement of lipid rafts with endocytosis suggest that redox signaling through IL-1␤ might involve lipid rafts. However, to date, the role of lipid rafts in IL-1␤ redox signaling has not been investigated.
Here, we report on a study that was designed to examine the role of lipid rafts in IL-1␤-mediated redoxosome signaling. We demonstrate that inhibiting lipid raft formation reduces IL-1␤-mediated NFB activation and also that, in resting cells, both IL-1R1 and Nox2 are present in lipid rafts at the plasma membrane. Furthermore, we show that, following IL-1␤ stimulation, effectors of the IL-1R1 pathway are recruited into lipid rafts and that Nox2 and IL-1R1 are co-endocytosed into lipid raft/EEA1-positive early endosomes via a mechanism that requires caveolin-1. These findings support the importance of lipid rafts in transducing redoxosome signals by IL-1R1. Finally, we provide evidence that Vav1, a Rac GEF that has been associated with lipid rafts, is required for IL-1␤-mediated NFB activation.
EXPERIMENTAL PROCEDURES
Expression Vectors-For the lipid raft inhibitor experiments assaying NFB activity, we infected MCF-7 cells with an NFB luciferase reporter (Ad.NFB.luc) using recombinant adenovirus as described previously (25) . Cells were used for experiments 48 h post-infection. The expression plasmids for FLAG-tagged IL-1R1, Nox2, GFP, wild-type Vav1 (wtVav1), dominant-negative Vav1 (dnVav1), NFB luciferase reporter (NFB.luc), and GFP-caveolin-1 have been characterized previously (26 -30) . Transfection of the MCF-7 cells was performed by electroporation. Briefly, cells were grown to 80% confluency on 150-mm plates. Cells were detached from the plates via trypsinization, pelleted, washed once with Opti-MEM medium, and then resuspended at a concentration of 15 ϫ 10 6 cells/800 l of Opti-MEM medium. The cells were mixed with the experimental plasmid (20 g/15 ϫ 10 6 cells for the FLAG-IL-1R1 plasmid; 30 g/15 ϫ 10 6 cells for the Nox2, GFP, wtVav1, and dnVav1 plasmids; and 5 g/15 ϫ 10 6 cells for the NFB.luc plasmid), and the mixture was placed in a Bio-Rad 0.4-cm gap cuvette. Electroporation was performed on a BTX ECM 830 electro-square porator with the following settings: voltage, 225 V; pulse length, 5.0 ms; number of pulses, two; and interval between pulses, 1.0 s. Following electroporation, the cells were allowed to sit undisturbed for 10 min, and then the contents of the cuvette were plated on a 150-mm cell culture dish with 20 ml of medium. The medium was changed at 24 h post-transfection, and the cells were used for experiments at 48 -72 h post-transfection.
NFB Activity Studies-For the lipid raft inhibition studies, MCF-7 cells were plated at 40% confluency in black 24-well cell culture plates. MCF-7 cells were transduced with Ad.NFB.luc virus (1000 particles/cell) 48 h prior to treatment with nystatin (20 or 50 g/ml), filipin (1 or 3 g/ml), or vehicle (for mock treatment controls). After a 1-h incubation period, luciferin (15 g/well in sterile PBS) was added to each well; the cells were incubated for 5 min at 37°C; and the base line of NFB luciferase activity was assessed using a biophotonic in vivo imaging system (IVIS, Xenogen). After base-line readings were obtained, cells were stimulated with IL-1␤ (5 ng/ml) or vehicle (PBS) at 37°C. Subsequent readings of the NFB luciferase reporter were taken at the indicated time points, with fresh luciferin added before each reading. For all readings, the IVIS system was set to take a 1-min luminescence exposure (with the field view setting to E, the focal plane set to 0.3 cm, binning set to medium, and the f-stop set to f1). Analysis of the results was performed using the Living Image software provided by Xenogen. For the wtVav1 and dnVav1 studies, MCF-7 cells were cotransfected with the NFB.luc plasmid and the wtVav1, dnVav1, or GFP plasmid and then plated on black 24-well plates. After 48 h, a base-line reading of the NFB luciferase reporter was taken, and then cells were stimulated with IL-1␤ (5 ng/ml) or vehicle (PBS) at 37°C. Reporter activity was monitored at 4 h, with IVIS settings the same as in the lipid raft inhibitor studies.
Lipid Raft Isolation Studies-Lipid rafts were isolated using a previously described sodium carbonate method (31) (32) (33) . Briefly, cells transfected with FLAG-IL-1R1 and Nox2 expression plasmids were stimulated with IL-1␤ for varying periods of time and then immediately placed on ice. The cells were scraped off the plate, washed with cold PBS, and then pelleted. The cell pellets were mixed with sodium carbonate buffer (250 mM sodium carbonate (pH 11.0), 2 mM EDTA, 1 mM NaF, 1 mM orthovanadate, and one Roche Complete protease inhibitor tablet/50 ml) and homogenized in a Duall cell homogenizer, followed by three 20-s pulses with a VirSonic 600 sonicator. The homogenate was mixed with 80% sucrose solution prepared in 25 mM MES, 0.15 M NaCl, 2 mM EDTA, 1 mM NaF, 1 mM orthovanadate, and one Roche Complete protease inhibitor table/50 ml to a final concentration of 40% sucrose. A threestep discontinuous gradient was generated, with the 40% sucrose sample on the bottom and 30 and 5% sucrose step gradients (both containing the MES buffer and 150 mM sodium carbonate) on the top. The gradient was spun in a Beckman SW 41 rotor at 200,000 ϫ g for 18 h. Following centrifugation, gradient fractions were collected, and their protein concentrations were determined using the Bradford assay. A small protein peak corresponding to a visible, light-refracting band (typically in fractions 5-7) represented the fractions enriched for lipid rafts (31) .
Immunoblotting-The lipid raft samples were concentrated by diluting each fraction and spinning in a fixed-angle rotor for 2 h at 100,000 ϫ g. Proteins were separated on a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. After transfer, the membrane was blocked overnight in 0.1% casein with 1 mM sodium fluoride and 1 mM orthovanadate. Western blotting was performed using standard protocols and casein buffer containing 0.2% Tween 20. The following antibodies were used for blotting: anti-caveolin-1 and anti-phospho-Tyr 14 caveolin-1 (BD Transduction Laboratories); antiNox2, anti-MyD88, and anti-Rac1 (Millipore); anti-Vav1 (R&D Systems); and anti-FLAG (Sigma). Appropriate secondary antibodies with infrared tags were purchased from LI-COR Biosciences. Imaging of the infrared signal was performed on a LI-COR Odyssey scanner.
Immunofluorescence-Cells were transfected with FLAG-IL-1R1, Nox2, and GFP-caveolin-1 expression plasmids as indicated and grown on MatTek microscopy plates. 48 h posttransfection, the plates were placed at 4°C for 15 min to inhibit all endocytosis. A portion of the cell medium was then removed from each well and mixed with the experimental labels at 4°C (Alexa Fluor 488-labeled cholera toxin (0.1 g/ml; Invitrogen), anti-Nox2 antibody (1:50 dilution; Medical & Biological Laboratories), and/or anti-FLAG antibody (1:300 dilution)) prior to being placed back onto the MCF-7 cells. The cells were then incubated for 1 h at 4°C and washed three times with cold minimum essential medium, followed by mock stimulation or IL-1␤ (5 ng/ml) stimulation in conditioned medium. The cells were shifted to 37°C for 20 min, washed once with cold PBS, fixed in 4% paraformaldehyde for 15 min, washed three times with filtered PBS, and blocked in blocking buffer (5% donkey serum, 0.1% Triton X-100, and 0.5% bovine serum albumin) for 1 h. For experiments investigating EEA1, anti-EEA1 antibody (1:150 dilution; BD Transduction Laboratories) in blocking buffer minus the donkey serum was incubated with the cells for 1 h, followed by three PBS washes. Cells were incubated with Alexa 488-and 546-labeled secondary antibodies (Invitrogen) at a 1:300 dilution in blocking buffer minus the donkey serum for 1 h. The cells were then washed three times with filtered PBS, and VECTASHIELD with 4Ј,6-diamidino-2-phenylindole was applied to the cells. Imaging was performed using a 63ϫ objective on a spinning disc confocal microscope.
Image Analysis-Image analysis was performed using MetaMorph software. A set of script programs was generated so that all images for a given fluorescent marker were treated exactly the same. Images were processed using two-dimensional deconvolution, and a threshold was applied to the images. MetaMorph was directed to count the number of intracellular endosomes (as defined by a size exclusion filter of 5-100 pixels) stained for each marker, as well as the number of endosomes in which pairs of markers co-localized. MetaMorph was also set to record the intracellular area over which the endosome count was performed. Quantification of marker co-localization was based either on the number of endosomal co-localization events divided by the total number of EEA1-positive endosomes in a given cell or on the number of endosomal co-localization events divided by the intracellular area for a given cell. Both methods gave similar results (see Fig. 3, C and D) . A second method for normalization of the cellular area was needed when no definitive endosomal marker was used in the co-localization analysis (e.g. IL-1R1 and Nox2). Results were generated from experiments carried out in triplicate, and at least 24 cells were analyzed for each condition.
RESULTS

Disruption of Lipid Rafts Inhibits IL-1␤-mediated NFB
Activation-In this study, the mammary epithelial MCF-7 cell line was used. This cell line endogenously expresses Nox2 and the IL-1 receptor and has a robust Nox2-mediated induction of NFB following IL-1␤ stimulation (14) . To index changes in NFB activity, we used an NFB-responsive luciferase reporter in conjunction with biophotonic imaging over a period of 10 h following IL-1␤ stimulation. In this system, IL-1␤ induction of the NFB luciferase reporter was found to peak at 4 h post-IL-1␤ stimulation (Fig. 1A) .
Nox2 has been reported to reside within the lipid rafts of phagocytic cells (22, 23) . Because Nox2 was shown previously to be required for IL-1␤-dependent NFB activation in MCF-7 cells (14), we hypothesized that disrupting lipid rafts would interfere with NFB activation following IL-1␤ stimulation. To test this hypothesis, we treated MCF-7 cells expressing the NFB luciferase reporter with nystatin or filipin. Nystatin disrupts lipid rafts by binding to cholesterol within the plasma membrane without extracting it and has been used widely to demonstrate the involvement of lipid rafts in biological processes (34) . Similarly, filipin interacts with cholesterol at the plasma membrane and sequesters it into large complexes (35) . Both agents inhibit lipid raft-mediated endocytosis without interfering with clathrin-mediated endocytosis (36) . As hypothesized, nystatin treatment of MCF-7 cells reduced NFB activation in response to IL-1␤; the effect was dose-dependent, with a reduction of 40 -60% by 4 h post-stimulation (Fig. 1B) . In cells treated with nystatin in the absence of IL-1␤, by contrast, base-line levels of NFB were not altered (Fig. 1B) . Similarly, filipin treatment of MCF-7 cells significantly reduced NFB activation by IL-1␤ in a dose-dependent fashion; in this case, NFB activation was almost completely abolished at the highest dose of 3 g/ml (Fig. 1C) .
The ability of nystatin and filipin to inhibit IL-1␤-mediated NFB activation suggested that this signaling pathway is dependent on lipid rafts. Caveolin-1 is a critical functional component of a subset of lipid rafts, in which it facilitates invagination and endocytosis from the plasma membrane (37) . Therefore, we next sought to determine whether IL-1␤-induced lipid raft signaling is caveolin-1-dependent. To this end, we utilized caveolin-1 knock-out and wild-type mouse embryonic fibroblasts (American Type Culture Collection) expressing the NFB reporter. The results demonstrated that NFB activation was significantly reduced in caveolin-1 knock-out cells compared with wild-type control cells (Fig. 1D) . These findings suggest that IL-1␤ signals through the subset of lipid rafts that utilize caveolin-1.
IL-1R1 and Nox2 Are Constitutive Components of Lipid RaftsTo better understand the relationship between lipid rafts and IL-1R1 signaling, we sought to determine whether IL-1R1 is actively recruited to lipid rafts in a ligand-dependent fashion. This would be analogous to signaling by tumor necrosis factor-␣ receptor 1, which actively moves to lipid rafts following ligand stimulation (21) . By contrast, the epidermal growth factor receptor is already present in lipid rafts prior to ligand binding (38) . Because the IL-1␤ and tumor necrosis factor-␣ receptors share some early effectors such as Nox2 and Rac1 (14, 20) , we favored the hypothesis that IL-1R1 enters lipid rafts after ligand stimulation. To test this hypothesis, we characterized the abundance of IL-1R1 in isolated lipid rafts prior to and following IL-1␤ stimulation.
As expected, total caveolin-1 was enriched in isolated lipid raft fractions (fractions 5-7), and its abundance in these fractions remained largely unchanged following IL-1␤ stimulation (Fig. 2B) . In support of the involvement of caveolin-1 in IL-1␤-mediated NFB activation (Fig. 1D) , the phosphorylated active form of caveolin-1 was enriched in the lipid raft fractions following IL-1␤ stimulation (Fig. 2C) . Thus, IL-1R1 appears to signal through caveolae. Nox2 has also been shown to reside in caveolae and was indeed also constitutively present in the lipid raft fractions of MCF-7 cells (Fig. 2D) . Contrary to the prediction of our original hypothesis, IL-1R1 was constitutively present in lipid raft factions regardless of IL-1␤ stimulation (Fig.  2E) . However, consistent with the fact that MyD88 docking on IL-1R1 requires ligand stimulation, MyD88 was present in lipid rafts only after IL-1␤ stimulation (Fig. 2F) . These findings suggest that the activation of IL-1R1 and its dependence on lipid rafts are more similar to the epidermal growth factor receptor (compared with the tumor necrosis factor-␣ receptor 1) signaling pathway (38) .
Nox2 Enters the Redoxosome with IL-1R1 from the Cell Surface-The biochemical localization of Nox2 and IL-1R1 to lipid rafts, together with the observation that IL-1␤ stimulates phosphorylation of caveolin-1, suggested that Nox2 and IL-1R1 might enter redoxosomes together from cell-surface caveolae. Alternatively, it remained a formal possibility that Nox2 from an intracellular source is recruited to the redoxosome independently by vesicle fusion following IL-1R1 endocytosis. To differentiate between these two possibilities, we sought to colocalize IL-1R1 and Nox2 in cells prior to and following IL-1␤ stimulation. Given that redoxosomes form within the early endosome (14), we first sought to establish a localization protocol capable of tracking ligand-dependent movement of FLAG-tagged IL-1R1 into the early endosome. Because the FLAG tag on IL-1R1 localizes to an extracellular region, it was possible to use anti-FLAG antibodies to label only IL-1R1 at the cell surface and to evaluate the endocytic fate of IL-1R1 following IL-1␤ stimulation. As predicted from previous studies evaluating the genesis of IL-1␤-dependent redoxosomes (14, 16), we observed a significant increase in the percentage of IL-1R1 that co-localized with the early endosomal marker EEA1 by 20 min after cell stimulation with IL-1␤ (Fig. 3A) . By contrast, in the absence of stimulation, the majority of IL-1R1 resided at the plasma membrane (Fig. 3A) . Quantitative analysis using two independent morphometric methods demonstrated that IL-1␤ stimulation led to an ϳ4-fold increase in the level of IL-1R1 in the early endosome (Fig. 3, C and D) .
Using this approach, we next sought to visualize Nox2 colocalization with IL-1R1 using a monoclonal antibody that recognizes an extracellular domain of Nox2. In unstimulated cells, Nox2 was almost exclusively at the plasma membrane, and its localization significantly overlapped with that of IL-1R1 (Fig.  3B) . Following IL-1␤ stimulation, the localization of both Nox2 and IL-1R1 within the endosomal compartment increased, and there was significant overlap in their intracellular staining pattern (Fig. 3B) . Quantitative morphometric analysis demonstrated that IL-1␤ stimulation led to an ϳ12-fold increase in IL-1R1 and Nox2 co-localization to the endosomal compartment (Fig. 3E) . Given that Nox2 and IL-1R1 co-localized at the plasma membrane prior to IL-1␤ stimulation and also in the endosomal compartment following IL-1␤ stimulation, these findings support the hypothesis that these two components are co-endocytosed from the plasma membrane into newly formed redoxosomes.
IL-1R1-containing Redoxosomes Form through Endocytosis of Caveolin-1-positive Lipid
Rafts-To investigate whether lipid rafts coordinate the movement of Nox2 and IL-1R1 from the plasma membrane into redoxosomes following IL-1␤ stimulation, we performed localization studies with the cholera toxin B subunit (CTX), which specifically binds to the lipid raft component glycosphingolipid-1 (39, 40) . We hypothesized that Nox2 and IL-1R1 undergo lipid raft-mediated endocytosis following IL-1␤ stimulation, as suggested by the ability of nystatin and filipin to inhibit NFB induction by IL-1␤ (Fig. 1) and by the biochemical fractionation of Nox2 and IL-1R1 with lipid rafts (Fig. 2 ). An alternative possibility was that lipid rafts act as a staging point for IL-1␤ signaling prior to the endocytic removal of IL-1R1/Nox2 from lipid rafts. The lipid raft isolation experiments could not adequately differentiate between these two hypotheses. Thus, we used CTX to label lipid rafts while simultaneously using selective antibodies to label IL-1R1 or Nox2 on the plasma membrane. We observed a significant (8-fold) increase in CTX/IL-1R1-positive endosomes following IL-1␤ stimulation compared with control mock-stimulated cells (Fig.  4, A and B) . Similarly, Nox2/CTXpositive endosomes also significantly increased (15-fold) in the presence of IL-1␤ (Fig. 4, C and D) . Furthermore, Nox2 and IL-1R1 colocalized to lipid rafts at the plasma membrane in both unstimulated and IL-1␤-stimulated cells. These findings support the hypothesis that lipid rafts coordinate liganddependent internalization of Nox2 and IL-1R1 into the redoxosome. Furthermore, they demonstrate that lipid rafts remain in the newly formed redoxosome at least 20 min post-stimulation.
We next sought to confirm our hypothesis that the endocytosis of IL-1R1 is caveolin-1-dependent. To this end, we expressed GFP-tagged caveolin-1 in MCF-7 cells and again utilized selective labeling of IL-1R1 or Nox2 on the plasma membrane. These experiments revealed a 6.8-fold increase in IL-1R1/caveolin-1-positive endosomes in the IL-1␤-stimulated cells relative to mock-stimulated cells (Fig. 5, A and B) . Similarly, we observed a 6.4-fold increase in Nox2/caveolin-1-positive endosomes in IL-1␤-stimulated cells relative to control cells (Fig. 5, C and D) . Taken together with the observed increase in caveolin-1 phosphorylation following IL-1␤ stimulation and the decrease in IL-1␤-mediated NFB activation in caveolin-1 knock-out cells, these findings suggest that redoxosome formation and signal propagation in the IL-1R1 pathway are caveolin-1-dependent.
Vav1 Is Actively Recruited to Rac1-containing Lipid Rafts following IL-1␤ Stimulation to
Facilitate NFB Activation-Activation of the Nox2 complex is a tightly regulated multistep event. Superoxide production by Nox2 is stimulated following recruitment of the cofactors p47 phox , p67 phox , and Rac1 (41). The dependence of Nox activation on a Rac1 GEF (which con- . Lipid rafts were then isolated from the cells using a sodium carbonate density gradient method. Following centrifugation, the gradients were collected into 15 fractions. A, shown are the results from Bradford protein quantification of the fractions from an experimental series of lipid raft isolations. Lipid rafts were typically contained within the small protein peak found in fractions 5-7. B-F, Western blotting was performed to examine the signaling components in the isolated lipid raft-containing fractions. The antigen detected in each blot is indicated at the top of each panel.
verts GDP-Rac1 to an active GTP-Rac1 form) has been demonstrated in phagocytes as well as other Nox signaling pathways (42) (43) (44) (45) (46) . We hypothesized that, of the many Rac1 GEFs, Vav1 would act as the Rac1 GEF of the IL-1␤ redox signaling pathway. This hypothesis was based on three facts. First, Vav1 has been strongly associated with Nox2 activation (42) . Second, Vav1 has been associated with lipid rafts and contains a caveolin-1-binding domain (47, 48) . Finally, Vav1 acts as a Rac1 GEF in the highly related Toll-like receptor 4 pathway (49, 50) .
To test our hypothesis, we isolated lipid rafts and evaluated the abundance of Rac1 and Vav1 before and after IL-1␤ stimulation. These experiments revealed that Rac1 was present in lipid rafts prior to and following IL-1␤ stimulation (Fig. 6A) , suggesting that it is constitutively associated with lipid rafts. In contrast, Vav1 was recruited to lipid rafts in an IL-1␤-dependent manner (Fig. 6B) ; it was present by 2.5 min post-stimulation and remained strong at 5 min post-stimulation but declined by 20 min post-stimulation, when Nox activity is maximal (14) . These findings are consistent with Vav1 acting early and transiently in the process of redoxosome formation.
To verify the dependence of IL-1␤ signaling on Vav1, we tested the influence of wtVav1 and dnVav1 on NFB activation. MCF-7 cells were transiently cotransfected with an NFB luciferase reporter in combination with one of the Vav1 expression constructs or a GFP control plasmid. The results from this analysis demonstrated that dnVav1 expression significantly inhibited transcriptional activation of an NFB reporter following IL-1␤ stimulation relative to that in wtVav1-or GFP-transfected cells. Cumulatively, these findings demonstrate that Vav1 is actively recruited to lipid rafts following IL-1␤ stimulation, where it facilitates NFB activation, likely through its regulatory role in Rac1. 
DISCUSSION
A growing number of receptors have been recognized to utilize Nox proteins and their reactive oxygen species products to mediate intracellular signaling. The compartmentalization of these receptors (to localized domains within the cell that produce the second messenger reactive oxygen species) limits cellular redox stress while also facilitating the redox changes required to propagate signal transduction. In the context of IL-1␤ signaling, these events are controlled at the level of the redoxosome (15) . Despite our increasing knowledge of redoxosome signaling components used in the IL-1␤ pathway, little is known about the early molecular events that control redoxosome biogenesis.
It is well established that IL-1R1 moves from the plasma membrane into endocytic vesicles following ligand binding (14, 16, 51) . Previous work by our laboratory has demonstrated that dynamin-dependent endocytosis is necessary for IL-1␤-dependent Nox activation in the endosomal compartment and for redox activation of IL-1R1 and NFB (14) . Dynamin facilitates both clathrin-dependent and certain types of lipid raftmediated endocytosis by promoting vesicle scission events from the plasma membrane (37) . We therefore focused our efforts on differentiating between these two basic types of endocytosis. Our findings suggest that IL-1␤ stimulation leads to the caveolin-1-dependent lipid raft-mediated endocytosis of IL-1R1 and that this process is required for NFB activation. Given that nystatin and filipin are known to disrupt lipid rafts but not to interfere with clathrin-dependent endocytosis, we interpreted our findings and previous work on the dynamin dependence of IL-1R1 signals (14) to mean that dynamin/caveolin-1-dependent lipid raft-mediated endocytosis is critical for the formation of redoxosomes and that clathrin is not involved in this process.
In support of the importance of caveolin-1-dependent lipid raftmediated signaling in the IL-1␤ pathway, we found that IL-1␤ induces caveolin-1 phosphorylation at Tyr 14 in isolated lipid rafts. This modification is known to be required in the endocytosis of ligands such as epidermal growth factor and to destabilize the interaction of caveolin-1 with the caveolar membrane. This destabilization allows for the recruitment of dynamin and the subsequent scission of caveolae from the plasma membrane (52) . Our data are consistent with the notion that IL-1R1 likewise stimulates endocytosis by such a mechanism. Using biochemical and immunofluorescence techniques to localize Nox2 and IL-1R1 to lipid rafts, we have demonstrated that both of these molecules are permanent constituents of lipid rafts at the plasma membrane in MCF-7 cells. Furthermore, IL-1␤ stimulates the co-endocytosis of Nox2 and IL-1R1 from plasma membrane lipid rafts into the early endosome. Interestingly, lipid rafts appear to maintain their integrity within the early endosome and may be required for sustained Nox2 activation following endocytosis because several Nox2 activators (p47 phox and p67 phox ) are recruited to lipid rafts during Nox activation (23, 53) . Hence, the lipid rafts may serve as a controlled microdomain for the synthesis and degradation of lipid moieties involved in redox signaling through Nox2. For example, p47 phox stabilizes the Nox2 complex by binding specifically to the phospholipid phosphoinositol 3,4-bisphosphate during Nox activation.
Rac1 was shown previously to be required for the recruitment of Nox2 into the endosomal compartment following IL-1␤ stimulation (14) . In this context, Rac1 associates with both IL-1R1 and Nox2 and is thought to tether Nox2 to IL-1R1 during endocytosis following IL-1␤ stimulation (14, 15) . Our data demonstrating that Rac1 is constitutively present in lipid rafts suggest that IL-1R1, Nox2, and Rac1 may be closely associated on the plasma membrane. Given that the Rac1 GEF Vav1 is recruited to lipid rafts following stimulation only with IL-1␤ and that it is required for NFB activation, we speculate that Vav1 recruitment may limit Rac1 activation (and hence also Nox2-dependent reactive oxygen species production) to newly forming redoxosomes.
In conclusion, the redox pathway that activates NFB following IL-1␤ stimulation is dependent on caveolin-1-dependent lipid raft-mediated endocytosis. Both Nox2 and IL-1R1 constitutively localize to lipid rafts and enter the redoxosome from the plasma membrane, whereas Nox2 activation within endosomal lipid rafts likely depends on the Rac1 GEF Vav1. Together, these findings provide new insights into the spatial and temporal regulation of IL-1␤ signaling and activation of NFB through redoxosomes.
